Objectives. Awareness of and support for systems thinking and modeling in the public health field are growing, yet there are many practical challenges to implementation. We sought to identify and describe these challenges from the perspectives of practicing public health professionals.
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It is relatively easy to identify examples of public health issues that can be understood accurately only by examining the complex and dynamic part-and-whole interactions that make up systems. For instance, consider the area of tobacco control. At the policy level, it is reasonable to argue that the 1964 surgeon general's report on smoking 39 had profound effects on the policy debate with consequences for smoking prevalence and consumption to this day. The report itself was the product of a complex series of events that led to its production. In turn, it set off a cascade of events and changes. It is virtually impossible to determine the effects of that important event in isolation, as a part that is separable from the whole. For instance, the report was most likely an important catalyst in creating a public policy climate that enabled the litigation that led to the Tobacco Settlement Agreement several decades later, to increased taxation of cigarettes by states, to legal restrictions on smoking in public places, and to tobacco counteradvertising. By the same token, the report may have led to unanticipated "negative" consequences by spurring the tobacco industry to adapt its Modern public health practice encompasses a complex, loosely coupled system 1 of actors including governmental entities at the international, national, regional, and local levels; a diverse conglomeration of nongovernmental organizations (such as foundations, advocacy and special interest groups, coalitions and partnerships, for-profit and nonprofit medical systems, and businesses); and citizens in the public at large. The broad array of threats to well-being, ranging from obesity and tobacco use to violence and infectious diseases, can be most aptly portrayed from a complex and adaptive system perspective. Systems thinking and modeling are broad classes of intellectual endeavors that are being incorporated increasingly into contemporary public health. Research has proven both the general potential of systems thinking [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and applications in specific areas. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Empirical studies related to complex systems have appeared of late in notable medical journals, including the Journal of the American Medical Association, Lancet, and the New England Journal of Medicine. [29] [30] [31] [32] [33] [34] [35] The authors of an Institute of Medicine report, Crossing the Quality Chasm: A New Health System for the 21st Century, 11(pp8-9) used a systems perspective to delineate 10 "simple rules to guide the redesign of the health care system" and described the entire health care system as a complex adaptive system:
A health care system can be defined as a set of connected or interdependent parts or agentsincluding caregivers and patients-bound by a common purpose and acting on their knowledge. Health care is complex because of the great number of interconnections within and among small care systems. 11(p64) Systems thinking encompasses and is consonant with ecological models [36] [37] [38] familiar to public health practitioners, including the ideas of human ecology, population health, and the social determinants of public health. But it goes beyond these models, incorporating advances product, marketing, lobbying, and public relations and perhaps indirectly contributed to the creation of front groups and covert efforts to undermine tobacco control research. 40 There are countless other examples. Smokers may react to fears about the harmful effects of smoking by switching to so-called "light" cigarettes (i.e., low tar and nicotine formulations as determined by machine smoking tests). Yet, despite their manufacturers' claims, "light" cigarettes may actually increase the prevalence of a more lethal type of lung cancer, probably because of the way their ventilated filters alter the physical act of smoking. 41, 42 Or consider the way the industry responds to youth advertising restrictions. Billboard advertising was outlawed by the Master Settlement Agreement. In response, the tobacco companies increased advertising and promotion in retail stores, effectively saturating the retail environment with product images. 43 Thus, banning billboard advertising has led to even more children being exposed to pro-tobacco messages as they go about their daily lives. Even the cigarette itself is a complex system, a highly engineered product designed for extreme elasticity of delivery. 44 And tobacco control as a public endeavor can be viewed  RESEARCH AND PRACTICE  as a set of systems challenges regarding how we might best balance the complex configurations of individuals, government agencies, and organizations that are engaged in fighting tobacco use. In tobacco control, as in all other areas of public health work, systems problems are legion, and the need for systems thinking and modeling is ubiquitous. Despite the growing cognizance of and support for "systems thinking" in public health, implementation of effective systems approaches remains challenging. 12, 13, 45, 46 We sought to identify and describe the challenges that must be addressed by public health leaders in implementing effective systems-based approaches. Here we address 3 major topics. First, we discuss systems thinking and modeling and their most recent developments. Second, we provide an overview of public health initiatives that are exploring and using systems thinking and modeling, particularly the Initiative for the Study and Implementation of Systems (ISIS). 1 Finally, we present the results of an initial empirical study in which we used a systems-based method (concept mapping) with a self-selected group of public health professionals in an attempt to identify the challenges facing those who support systems thinking and modeling in public health.
SYSTEMS THINKING AND MODELING
Systems thinking is a general conceptual orientation concerned with the interrelationships between parts and their relationships to a functioning whole, often understood within the context of an even greater whole. It is ancient in origin and familiar to us all, but it is also something very modern. We engage in a type of systems thinking in our everyday lives when we contemplate the complex interactions of our relationships with families and friends, when we organize in our communities or workplaces, and when we try to puzzle out the dynamics of the economy. But systems thinking also encompasses some of the most advanced and sophisticated recent work in contemporary science. Systems modeling is a methodological tradition that involves the use of formal models or simulations as explicit aids to increase our understanding of complex systems and improve the effectiveness of our actions within them.
Computational modeling and simulation, as a complement to experimentation and theory, are hallmarks of recent systems thinking and the systems sciences. 47 The depth and breadth of systems science can be bewildering, particularly as one first is introduced to its underlying principles and formulations. Consider just a few of the topics associated with contemporary systems thinking: causal feedback 48 [72] [73] [74] [75] [76] [77] ; evolution, biology, and ecology [78] [79] [80] [81] ;
small world phenomena [82] [83] [84] ; and set, graph, and network theory. 53, 79, 80, 82, 83, 85, 86 The vastness of the literature alone can be overwhelming, and it is not easily summarized. We offer 2 organizing ideas (dynamics and complexity) and 2 influential metaphors (mechanical and biological) that can help us understand this daunting array. In addition, we consider 2 common misconceptions about systems thinking that are important to an understanding of these ideas and metaphors.
Dynamics and Complexity
Dynamics. Whether a system settles into a state of equilibrium, changes in repeating cycles, or changes in even more complicated ways, a common theme is change. A field called dynamics, with its own rich history dating back to Isaac Newton, provides a vocabulary and a methodology for understanding these changes. 55 Terms such as the "butterfly effect" 87, 88 and the "tipping point," 89 which are now part of the public vernacular, have their source in the study of chaotic systems. In chaos, "a deterministic system exhibits aperiodic behavior that depends sensitively on the initial conditions, thereby rendering longterm prediction impossible." 55(p3) This concept is just one of the many useful ideas in the field of dynamics.
Complexity. Most systems in the public health arena are complex in that they consist of many interacting stakeholders with often different and competing interests. Agents in these networks must constantly adapt to the actions of others and to a changing environment that is in turn affected by the actions of the agents themselves. Such systems are not controlled centrally; they are self-organizing. Complexity theory, or the study of complex adaptive systems, 57, 59 focuses on understanding systems of this type. Most definitions of such systems include some notion of the relationship between the emergent or unpredictable behavior of a system and autonomous agents self-organizing by simple rules. For example, one description of a complex adaptive system is independent variables following simple local rules leading to emergent complexity, 90(p17) and another description suggests that a working definition of a complex system is "one whose properties are not fully explained by an understanding of its component parts." 91(px) Simple rules, networks of adaptive agents, feedback, self-organization, and emergence are hallmarks of complex adaptive systems.
A good example of a complex adaptive system that is familiar to virtually everyone is the emergency medical services (EMS) system that comes into play in some way in virtually every medical or health emergency that an individual experiences. It illustrates well how a complex adaptive system is made up of various independent agents following simple rules and interacting locally with other independent agents in the system. In the EMS, each agent has a role to play and a simple set of rules to follow. These roles and rules are graduated in a linked chain from first responder to emergency room doctor to rehabilitation specialist.
For a citizen in first responder role, the rules typically instruct the agent to activate the EMS system by "calling 911" and then administer basic care until professional help arrives. Next in the chain, the professional rescuer, firefighter, or emergency medical technician (EMT) plays a different role and follows a different rule set with primary responsibility for advanced field care and transport. In turn, the EMT initiates the involvement of the next set of agents by communicating with the emergency room. If needed, the emergency room connects with the agents of hospital inpatient care, and these agents in turn join subsequently with posthospital rehabilitation.
Today, except in rural and more isolated communities in the United States, we take the EMS system for granted, and it is difficult to remember a time when it did not exist to help individuals in an emergency. But the recent horrific hurricane in New Orleans and surrounding areas reminds us that a comparable regional-, state-, or federal-level emergency disaster response system has not yet evolved sufficient capacity to deal with large-scale catastrophes.
Although the vast array of participating governmental, medical, public health, and nonprofit organizations involved in the EMS system have coordinated their efforts in various ways for several decades, 92 it is not a centrally and hierarchically controlled system. Tens of thousands of people are trained in various roles by a wide variety of entities ranging from medical and public health schools to nonprofit organizations such as the Red Cross. 93 Although individual agents may be aware of the existence of the broader system, their training concentrates on their specific part in it and how it connects with adjacent parts-the role they play and the rules they follow-leading to a system that can adapt to a great variety of individual medical emergencies.
Mechanical and Biological Systems
In addition to the 2 broad organizing ideas just discussed, it is useful to distinguish 2 metaphors for systems that are both prevalent and influential 78, 80, 81, 94, 95 : systems as mechanical and systems as biological. In the mechanical metaphor, systems are construed as machines made up of parts or subsystems that interact in complex ways to produce certain characteristic behaviors. In the biological metaphor, systems are living and evolving entities, in turn often composed of subsystems that are themselves evolving and adapting to the environment. Studies of systems, influenced by both types of metaphors, have led to many significant scientific discoveries. The biological metaphor appears to be increasingly prevalent, but some systems, even complex and nonlinear systems, behave more like machines than like biological organisms. There are also mixes of the metaphors, such as in bioengineering, in which cells are thought of as tiny biological machines. 96 Although systems thinking inherently is not either mechanistic or biological, particular phenomena may be aptly characterized by one or the other metaphor or by some combination of the 2 metaphors.
Misconceptions
Finally, 2 misconceptions about the systems approach need to be addressed. First, systems thinking is not a rejection of traditional scientific views that are linear, reductionist, mechanistic, or atomistic and framed by mechanical, spatial, or temporal metaphors. 65, 79, 80, 90, 97, 98 In a study focusing on the enablers of, barriers to, and precursors to systems thinking, Davidz et al. noted: "It is important to remember the embedded nature of systems. What is considered a holistic, systems view is considered a reductionist view when the boundaries of the system are redrawn." 99(pp1-2) Contrary to popular claims, systems thinking encompasses and includes reductionism; it does not replace or reject it. A second misconception is that systems thinking lacks scientific rigor. 1 This fallacy probably stems from popular literature portraying systems thinking as "soft" or in opposition to scientific or analytic thinking. According to Von Bertalanffy, systems epistemology "shares the same scientific attitude" with scientific or analytic thinking. 65(p423) Systems thinkers achieve a holistic view of complex phenomena 80, 90, 94, 95, 97, 100 precisely because they approach the study of relationships as a distinct and legitimate form of inquiry. 101 Consequently, most of the techniques used for systems thinking and modeling are rooted in mathematics as well as the physical, biological, and social sciences, and they have been used to conduct some of the most rigorous and sophisticated experiments ever devised.
CURRENT SYSTEMS THINKING EFFORTS IN PUBLIC HEALTH
The field of public health is adapting to the evolution of systems thinking and its accompanying modeling approaches. More scholars are studying and writing on the topic, more research is emphasizing a systems view, and ambitious attempts are under way to focus practitioners on improving overall system performance. 102 A good example is ISIS, a project of the Tobacco Control Research Branch of the US National Cancer Institute. The purpose of ISIS is to explore whether systems thinking can serve as a foundation for more effective public health efforts to combat tobacco use, particularly in the face of countervailing forces such as the efforts of the tobacco industry. ISIS brought together a transdisciplinary group of leaders in fields such as system dynamics, network analysis, knowledge management and informatics, tobacco control, management sciences, and health policy to develop a framework for systems action. This network of thinkers considered some core questions: How can the flow in both directions between research and practice be optimized? How can systems structure and function be best characterized to be useful to the public health community? Which approaches can be used for better understanding and optimization of networks? Through which strategies do information and knowledge become the currency for change?
The ISIS team concluded that systems thinking in public health cannot be encompassed by a single discipline or even a single approach to "systems thinking" (e.g., system dynamics); instead, it consists of a transdisciplinary integration of public health approaches that strive to understand and reconcile linear and nonlinear, qualitative and quantitative, and reductionist and holist thinking and methods into a federation of approaches to systems thinking and modeling. 103 The ISIS team also recognized that the complexity and breadth of systems thinking may be dismissed as being too complicated. If the public health community, from clinicians to policymakers, is to value systems thinking as a guiding approach, it must be practical, manageable, and accessible. Toward that end, ISIS supported efforts that resulted in practical examples of systems ideas in public health contexts: development of a system dynamics model for characterizing the complex state of  RESEARCH AND PRACTICE  tobacco use and its control, creation of a map of the social network of tobacco control organizations, a concept mapping project to promote better understanding of how to integrate research and practice, and a knowledge management map to guide the use of information in tobacco control. In addition, ISIS supported actual networks for global tobacco research and reduction of harm from tobacco and produced a monograph 1 If systems thinking and modeling are to be successfully integrated into public health practice, the associated practical dilemmas and challenges need to be identified and addressed. To this end, we conducted an initial study with systems thinkers (individuals involved in ISIS and the Syndemics Prevention Network) in which we used a systems methodologystructured concept mapping-to describe the challenges of systems thinking and modeling in public health.
METHODS Participants
Invitations to participate in the project were sent to 359 individuals who were on the e-mail distribution lists of the Syndemics Prevention Network and the ISIS project as of December 15, 2004 . The Syndemics Prevention Network included more than 300 members from 11 countries, and the ISIS list included approximately 60 participants from Canada, Australia, and the United States. Most of these individuals are practicing public health professionals (e.g., researchers, program managers, policymakers); however, a significant percentage also identified themselves as having special expertise and training in systems thinking and modeling. (More details on the methods and results of this project are available from the first author on request.)
Concept Mapping
Concept mapping is a systems method that enables a group to describe its ideas on any topic 121 and represent these ideas visually in a map. The general procedure for concept mapping has been described in detail by Trochim. 121 The method has been used in a wide range of fields, 122 including health services research 123, 124 and public health. 125 To accomplish this project, participants brainstormed or free listed a large set of statements addressing an agreed-upon focus statement for the project. All participation was via the Web. Each generated statement completed the following focus prompt: "One specific practical challenge that needs to be addressed to encourage and support effective systems thinking and modeling in public health work is. . . ." The group generated 318 statements that were synthesized and edited to a final set of 100 statements used during the remainder of the project.
Each participant was invited to sort these statements into groups of similar ones and rate each statement in terms of its relative importance as a challenge that must be addressed to encourage and support systems thinking and modeling in public health. These data were assessed in a sequence of multivariate statistical analyses that included multidimensional scaling 126, 127 and hierarchical cluster analysis 128, 129 methods. The resulting maps showed each of the statements, with more similar ones located nearer each other, and illustrated how the statements were grouped into clusters. Initial interpretation of the maps followed the general process described by Trochim.
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RESULTS
In the brainstorming phase, 133 participants visited the Web page. In the sorting and rating phase, 56 participants completed the sorting task, and 54 completed the ratings. The stress value is the usual statistic reported in multidimensional scaling analyses to indicate goodness of fit, with a lower stress value indicating a better fit. In a study of the reliability of concept mapping, Trochim 130 reported an average stress value across 33 projects of 0.285, with a range from 0.155 to 0.352. The stress value in the present analysis was 0.300. An 8-cluster solution was selected as the one that preserved the most detail and yielded substantively interpretable clusters of statements. The key materials used in the interpretation of the results included the statements produced through brainstorming, listed by cluster; the point map showing each statement; and the cluster map showing the 8-cluster solution. Figure 1 shows the final map with the cluster labels arrived at through a consensus process that involved a subgroup of the participants. Table 1 lists, for each cluster, the 3 challenges to implementing systems thinking that were assigned the highest average importance ratings.
Here we describe each cluster briefly, moving from highest to lowest in cluster average importance rating as listed in Table 1 . The cluster labeled "Expand Cross-Category Funding" consisted of 10 statements primarily related to financial issues. These statements challenged traditional funding categories and explicitly encouraged a more integrative, systems-based view of financing. The cluster labeled "Support Dynamic and Diverse Networks" contained 8 statements about encouraging networks, collaborations, teams, and partnerships that span traditional disciplines and boundaries and value diverse perspectives.
FIGURE 1-Eight-cluster concept map of practical challenges that need to be addressed to encourage and support effective systems thinking and modeling in public health work.
The "Use Systems Measures and Models" cluster (10 statements) related to the creation of methods and tools for systems-based measurement and data collection, use and evaluation of systems methods and models, and development of systems tools and approaches. "Inspire Integrative Learning" included the most statements (23) , reflecting the fact that the topics contained in this cluster were most frequently brainstormed by participants. Examples are training and education, dissemination and diffusion of systems thinking and approaches, use of interactive and Web-based resources, and a broad emphasis on understanding the area of systems thinking and modeling.
"Explore Systems Paradigms and Perspectives" included 15 statements addressing values and implications of a potential paradigm change involved in systems thinking and the influence of such thinking on the perspectives people bring to public health work. The 11 statements in the "Show Potential of Systems Approaches" cluster described the value and impact of systems thinking and modeling. "Foster Systems Planning and Evaluation" (9 statements) suggested the integration of systems thinking and modeling into traditional planning and evaluation. Finally, "Utilize Systems Incentives" (14 statements) emphasized the need to address political and social factors that influence use of systems thinking, including issues of bureaucracy, people's fears (e.g., apprehensions about job loss, job difficulty, or change), jurisdictional conflicts among organizations, and factors in academic environments that limit adoption or use of systems approaches.
DISCUSSION
The map developed in this project depicts 8 distinct clusters of practical challenges that need to be addressed to encourage and support effective systems thinking and modeling in public health. The label for each cluster of challenges was carefully reverse checked with the cluster statements to ensure that they were adequately represented. In many cases, single words in the cluster name represent entire fields of inquiry such as integrative learning, networks, planning, and evaluation, and each term in the cluster name modifies the others. Thus, the modifying effect of "systems" on "planning" in the Foster Systems Planning and Evaluation cluster is not merely semantic; it reflects a perspective that differs dramatically from traditional planning in which planning precedes action and evaluation follows in a rational and linear fashion.
Instead, the statements suggest 2 challenges to systems thinking in public health: that planning and evaluation are not yet sufficiently systemic and that planning should be continuous and adaptive, with constant feedback among planning, action, and evaluation.
The cluster in the center of the map (Figure 1 ), Show Potential of Systems Approaches, can be considered central both graphically and conceptually. In systems jargon, it might be thought of as a central attractor in the dynamic cycle of the overall map. As the clusters in the exterior ring interact in various ways, their activity converges on the central cluster, where assessment and dissemination (e.g., research into what works) are represented; the disseminated content in turn excites new activity in the exterior "ring" of clusters.
The Figure 1 map can be viewed through the lens of systems thinking itself. Earlier, we offered 2 broad organizing ideas that help to make sense of the often bewildering and diverse landscape of systems thinking: Systems are dynamic and systems are complex. From the perspective of dynamic systems, the map can be interpreted as a collection of interacting "cluster agents" each affecting the other. From the perspective of complex systems, clusters can be viewed as simple rules that encourage emergence and adaptation. Each is considered briefly.
In terms of dynamics, the clusters can be thought of as interacting conceptual or thematic agents that can influence other cluster agents when coupled. Each cluster resembles a semi-autonomous agent functioning in a highly integrated system. When one cluster interacts with another, they affect each other. For example, when interacting with Explore Systems Paradigms and Perspectives, the Inspire Integrative Learning cluster takes on a slightly different meaning than when it is considered in connection with Use Systems Measurement and Modeling. In the first case, learning is centered on systems paradigms and perspectives at a conceptual or epistemological level. In the second case, learning is more formal and adaptive; systems-based measurement and modeling are used to inform decisionmaking and action.
In another example, the Support Dynamic and Diverse Networks cluster interacts with Expand Cross-Category Funding to create  RESEARCH AND PRACTICE  With respect to complexity, the map can be viewed from the perspective of the theory of complex adaptive systems, which holds that simple local rules lead to emergent complexity. Each cluster label is worded as a simple object-action "rule" that can be used by public health professionals to encourage and manage a complex and adaptive system. Each label completes the prompt that was the focus of this project and constitutes a practical challenge to be addressed. The especially intriguing hypothesis from a systems point of view is that if multiple independent agents (individuals and organizations) follow the 8 rules represented by the cluster names and are provided with appropriate feedback about what is occurring as a result, systems-oriented organizations and networks will naturally emerge in the public health system. This study involved several limitations. The sample consisted of self-selected participants invited from the e-mail lists of 2 prominent initiatives for systems thinking in public health, so the generalizability of our results is limited to similar groups. However, generalizability was not a major purpose of this study, which was closer in nature to a focus group or expert panel than to a sample survey. In addition, this was an unfunded project accomplished under considerable time constraints that may have limited participation. Brainstorming occurred during late December and early January and conflicted with busy holiday seasons. The entire project was accomplished within 2 months.
Because of time and technology constraints, it was not feasible to engage a broad cross section of the entire participant group in an interpretation of the map results or to engage the broader public health community directly. To help address this limitation, we created a Web site (available at: http://www. greaterthanthesum.net) to distribute detailed results of this project and encourage further interaction and discussion of these issues and the resulting concept map. Many of the limitations of this study would be best ameliorated through independent replications and studies involving the use of alternative methods for identifying practical challenges to support effective systems thinking and modeling in public health work.
This project is significant for several reasons. First, the concept map results provide a basis for subsequent action by various actors in public health agencies (and beyond). Any group or organization can examine the clusters, or the statements contained within them, and determine the degree to which they constitute or suggest actions they might take to address practical challenges to systems thinking and modeling in public health. Second, the results clearly point to a need for education and learning in systems thinking and modeling, including everything from potential curriculum topics (participatory methods, nonlinear dynamics, simulations) to enhancing learning capacity (development of centers and of electronic materials).
Third, the map provides a conceptual model that serves as a basis for developing role play simulations that can enable public health organizations to try out different actions and explore in a controlled context how their adoption could potentially change the outcomes of public health efforts. The map constitutes a structure and a set of rules that different agents can use depending on their roles in the public health system. Such simulations would make it possible for the field of public health to learn more dynamically about the effects of systems thinking and modeling and to anticipate better where funding resources might be most effectively allocated to encourage systems evolution.
Finally, a significant aspect of having done the concept mapping is that it helps to establish an appropriate and widely shared boundary for thinking about the many issues in question, particularly at a relatively early stage in our efforts to build institutional support for a systems orientation. The number of clusters and the diversity of their themes now serve as a check against planning and capacity-building initiatives that might otherwise be scoped too narrowly or too abstractly. Equipped with the practical insights from the concept mapping, we can now embark on more productive multistakeholder dialogues and think together about precisely what kinds of supports are needed if an authentic system orientation is to thrive in public health agencies.
This study provides an initial identification of the challenges, a map that can be used to navigate them, and a set of 8 simple rules for facing these challenges and moving toward effective implementation of systems approaches in public health efforts. It has practical utility in terms of helping organizational practitioners, researchers, policymakers, and the general public face these challenges. The results reported here, major reports such as Crossing the Quality Chasm, and initiatives such as the Syndemics Prevention Network and ISIS can be viewed from a systems perspective as dynamically interacting components in the growing awareness and support of systems thinking and modeling in public health, and they offer the promise that more effective public health systems will consequently emerge. 
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